The physiological role of trehalose as a hemolymph sugar during insect development remains unclear. Results: Mutants of the trehalose-synthesizing enzyme Tps1 failed to produce trehalose. Conclusion: Drosophila larvae lacking the hemolymph sugar trehalose exhibit diet-dependent phenotypes of growth and survival. Significance: Tps1 mutant flies are particularly useful in unraveling a wide range of physiological processes, such as homeostasis, aging, and stress resistance.
Living organisms adapt to environmental changes through metabolic homeostasis. Sugars are used primarily for the metabolic production of ATP energy and carbon sources. Trehalose is a nonreducing disaccharide that is present in many organisms. In insects, the principal hemolymph sugar is trehalose instead of glucose. As in mammals, hemolymph sugar levels in Drosophila are regulated by the action of endocrine hormones. Therefore, the mobilization of trehalose to glucose is thought to be critical for metabolic homeostasis. However, the physiological role of trehalose as a hemolymph sugar during insect development remains largely unclear. Here, we demonstrate that mutants of the trehalose-synthesizing enzyme Tps1 failed to produce trehalose as expected but survived into the late pupal period and died before eclosion. Larvae without trehalose grew normally, with a slight reduction in body size, under normal food conditions. However, these larvae were extremely sensitive to starvation, possibly due to a local defect in the central nervous system. Furthermore, Tps1 mutant larvae failed to grow on a low-sugar diet and exhibited severe growth defects on a low-protein diet. These diet-dependent phenotypes of Tps1 mutants demonstrate the critical role of trehalose during development in Drosophila and reveal how animals adapt to changes in nutrient availability.
Animal development and physiology are modulated by a wide variety of environmental factors, such as light, temperature, and food availability, and adaptation to changes in nutrition often involves hormonal regulation and metabolic homeostasis. In mammals, systemic regulation by insulin and glucagon maintains circulating glucose levels during fluctuating nutritional conditions (1) . Upon feeding, elevated circulating glucose is taken up by several tissues (such as liver, adipose, and muscle tissues) through the action of insulin. In contrast, starvation promotes lipid mobilization, glycogen breakdown, and gluconeogenesis through the action of glucagon.
Sugars are used primarily for the metabolic production of ATP energy and carbon sources. Trehalose is a nonreducing disaccharide that is present in several organisms, including bacteria, yeast, fungi, plants, and invertebrates (2, 3) . Because of its unique chemical properties, trehalose has the advantage of protecting organisms against several environmental stresses in general, such as cold, oxidation, anoxia, and desiccation (3, 4) . Trehalose is the major hemolymph sugar in most insects (5) . It is synthesized in the fat body, an organ that is analogous to the mammalian liver and adipose tissue, and is released into the hemolymph (6, 7) . Trehalose is synthesized from glucose by the trehalose-6-phosphate (Tre-6-P) 4 synthase Tps1, which is thought to be a cytoplasmic protein and has two functionally distinct catalytic domains (3) . The N-terminal TPS (Tre-6-P synthase) domain catalyzes the production of Tre-6-P using glucose 6-phosphate and UDP-glucose. The C-terminal TPP (Tre-6-P phosphatase) domain then dephosphorylates Tre-6-P to generate trehalose. As in mammals, hemolymph sugar levels in Drosophila are regulated by the action of two endocrine hormones, Drosophila insulin-like peptides (Dilps) and glucagonlike peptide (adipokinetic hormone (Akh)). Genetic manipulation of the function of Dilps and Akh alters trehalose levels in the circulating hemolymph (8 -13) . Therefore, the mobilization of trehalose to glucose is believed to be critical for metabolic homeostasis. However, the physiological role of trehalose as an energy source during insect development remains largely unclear.
Here, we directly demonstrate the essential role of trehalose in Drosophila. Our characterization of the Tps1 mutant phenotype and its reliance on environmental conditions provides a basis for the further understanding of the physiological role of hemolymph sugar in an insect model.
EXPERIMENTAL PROCEDURES
Drosophila Strains-The following stocks were used: w 1118 (used as a control) and Tps1 k08903 (from the Bloomington Drosophila Stock Center, no. 10838). Tps1 RNAi lines were obtained from the National Institute of Genetics Drosophila RNAi Center. The following stocks were obtained from the Bloomington Drosophila Stock Center: Tps1 MI03087 , Df(2L)BSC295 (a deficiency of the Tps1 locus), FRT40A, ovoD1-18 FRT40A, Tub-Gal4, Repo-Gal4, Mef2-Gal4, CG-Gal4, Elav-Gal4, and Myo1A-Gal4.
Characterization and Generation of Tps1 Mutants-A transposable P-element insertion (P{lacW}k08903) from the Bloomington Drosophila Stock Center was back-crossed four times with the w Ϫ control strain. The resulting P-element line was used to generate Tps1 mutants by imprecise excision. The progeny were first screened for the loss of an eye color marker (w ϩ ), and the extent of the deletion in each mutant was determined by PCR and subsequent DNA sequencing. Tps1 d1 has a deletion of 1372 bp, resulting in the lack of amino acids 44 -294 of the coding region. Tps1 d2 has a deletion of 2331 bp, resulting in the lack of amino acids 44 -594 of the coding region. Homozygotes and heterozygotes were assessed by the presence of a fluorescent marker on a balancer chromosome (CyO). Because metabolic parameters are affected by food conditions, heterozygous mutants in the same vials were used as an internal control for homozygous mutants in some experiments. To generate maternal and zygotic mutants of Tps1, germ line clones were made by flippase-mediated recombination with the stock ovoD1-18 FRT40A.
Plasmid Construction-The cDNA encoding Tps1 was cloned by RT-PCR using sequenced strains obtained from the Bloomington Drosophila Stock Center and was subcloned into the pUAST vector. Transformants were obtained by a standard injection method (BestGene Inc.).
Fly Food, Quantification of Weight, and Starvation Experiments-The detailed food compositions are described in Table 1 . Developmental staging and quantification of weight were performed as described previously (14) . For the transient starvation experiments, early third-instar larvae were washed with PBS and transferred to a vial that contained 0.8% agar in PBS. The percentage of puparium formation and adult flies was determined by counting homozygotes and heterozygotes in the same vials as an internal control. All experiments were con-ducted under uncrowded conditions. No yeast paste was added to the fly tubes for any of the experiments.
qRT-PCR Analysis-qRT-PCR analyses was done as described previously (15) . Primers used in this study are listed in Table 2 .
Measurement of Protein, Triacylglycerol, and Sugar Levels-Samples were rinsed several times with PBS to remove all traces of food. The defined number of samples was collected (100 dechorionated embryos, 20 early second-instar larvae, six early third-instar larvae, four mid third-instar larvae, two late thirdinstar larvae, two pupae, and two adult flies). Frozen samples in tubes were homogenized using a pellet pestle in 100 l of cold PBS containing 0.1% Triton X-100, immediately heat-inactivated at 80°C for 10 min, and then cooled to room temperature. Ten l of the homogenate was mixed with 10 l of a triglyceride reagent (Sigma), incubated at 37°C for Ͼ30 min, and cleared by centrifugation. Ten l of the supernatant was used for the measurement of triacylglycerol (TAG) by free glycerol reagent (Sigma). The untreated remaining homogenate was cleared by centrifugation and used for the measurement of free glycerol and the determination of protein contents using a BCA assay (Thermo Scientific). A triolein equivalent glycerol standard (Sigma) was used as the standard. The TAG concentration for each sample was determined by subtracting the values of the free glycerol in the untreated samples. The amount of TAG per fly was normalized to the soluble protein level per fly. The cleared samples were further used to determine the sugar levels. Five l of the sample was incubated with 10 l of buffer A (5 mM Tris-HCl (pH 6.6), 137 mM NaCl, and 2.7 mM KCl) containing trehalase (Sigma) or amyloglucosidase (Roche Applied Science) overnight at 37°C. Ten l of the sample was incubated with 5 l of buffer A without enzymes in parallel for the determination of glucose levels. The amount of glucose was determined using a glucose assay kit (Sigma). Trehalose and glycogen were used as standards. The trehalose and glycogen concentrations for each sample were determined by subtracting the values of free glucose in the untreated samples. The amounts of trehalose, glycogen, and glucose per fly were normalized to the soluble protein level per fly.
Measurement of ATP Levels-Samples in tubes were homogenized using a pellet pestle in 100 l of lysis buffer (6 M guanidine HCl solution containing 0.1% Triton X-100) and immediately heat-inactivated at 100°C for 10 min. Diluted samples were used for the determination of protein and ATP levels. The amount of ATP was determined using an ATP determination kit (Invitrogen) according to the manufacturer's instructions. The amount of ATP per fly was normalized to the soluble protein level per fly. Food Intake-Early third-instar larvae were starved for 2 h under adverse food conditions (0.8% agar in PBS) and then transferred to fresh dye-containing food (0.5% Brilliant Blue FCF) for 10 or 20 min. After feeding, larvae were washed with PBS, dried on tissue paper, and homogenized in 100 l of lysis buffer. After boiling and centrifugation, 2 l of supernatant was analyzed in a spectrophotometer at 630 nm. A small amount of dye-containing food was weighed, processed as described above, and used as a standard to calculate the amount of ingested food.
Hemolymph Sample Preparation-Larvae were collected, rinsed with PBS, and dried on tissue paper. The cuticle was carefully torn to release the hemolymph on a Parafilm mem-brane. For the measurement of sugar levels, 2 l of hemolymph was collected using a micropipette, diluted 20 times with cold buffer A, and cleared by centrifugation. The supernatant was boiled at 80°C for 10 min and cleared by centrifugation again. Two and 6 l of sample were used for the measurement for trehalose and glucose, respectively, as described above. The hemolymph trehalose concentration was determined by subtracting the value of free glucose in the untreated samples.
Immunohistochemistry-Larval tissues were dissected in PBS, fixed for 10 min in 3.7% formaldehyde in PBS containing 0.2% Triton X-100, and processed as described previously (16) . The following primary antibodies were used: mouse anti-phospho-histone H3 and rabbit anti-cleaved caspase-3 (Cell Signaling Technology) and rabbit anti-Foxo antibodies (provided by P. Léopold). Alexa-conjugated secondary antibodies and phalloidin (Invitrogen) were used. The nuclei were stained with Hoechst 33342 (Invitrogen). For staining acidic organelles, including autolysosomes, larval tissues were dissected in PBS, incubated with 100 nM LysoTracker Red (Invitrogen) in PBS containing Hoechst 33342 for 2 min, washed twice with PBS, and mounted in 50% glycerol in PBS. Images were acquired with a Zeiss LSM 700 confocal microscope and were processed using Photoshop (Adobe Systems).
Histochemistry-For staining neutral lipids, larval tissues were dissected in PBS, fixed using 3.7% formaldehyde in PBS for 20 min, and washed twice with PBS. Samples were incubated with 0.18% Oil Red O solution (Sigma) in 60% isopropyl alcohol for 20 min at room temperature, washed twice with PBS, and mounted in 50% glycerol in PBS. For staining polysaccharides, including glycogen, larval tissues were dissected in 1% BSA in PBS, fixed using 3.7% formaldehyde in PBS for 20 min, washed twice with 1% BSA in PBS, incubated with periodic acid solution (Merck) for 5 min, and washed twice with 1% BSA in PBS. Samples were stained with Schiff's reagent (Merck) for 15 min, washed twice with 1% BSA in PBS, and mounted in 50% glycerol in PBS. Images were acquired with a Zeiss Primo Star microscope equipped with a Zeiss AxioCam ERc camera.
RESULTS

Change in Amount of Trehalose during Development-To
understand the importance of trehalose as a hemolymph sugar, we first compared the amount of trehalose with the amount of the storage sugar glycogen and the storage lipid TAG during development ( Fig. 1A) . Trehalose was almost undetectable in the early embryo (0 -2 h), whereas there were detectable levels of glycogen and TAG. The amount of trehalose increased significantly during the embryonic period; by contrast, the amounts of glycogen and TAG decreased during embryonic development, as reported previously (17, 18) . These results suggest that during the early stages of embryonic development, stored glycogen and TAG, rather than trehalose, are used primarily as energy sources. The amounts of trehalose, glycogen, and TAG increased during the larval period as body mass and total protein amounts increased. The amount of trehalose then decreased significantly during the pupal period, indicating that trehalose is consumed during pupal development. Alternatively, the production of trehalose ceases during pupal development because the steady-state level is determined by the bal- 
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ance between synthesis and consumption. In contrast, glycogen and TAG gradually decreased during the pupal period, with ϳ50% still remaining in the late pupa before eclosion. Because trehalose is present in the circulating hemolymph, we next analyzed the tissue distribution of the trehalose-synthesizing enzyme Tps1 and the trehalose hydrolase Treh (Fig.  1B) . Consistent with the FlyAtlas database and previous reports (6, 7), qRT-PCR analysis revealed that Tps1 was specifically expressed in the fat body in mid third-instar larvae (Fig. 1C) . Treh in Drosophila is produced in two different forms by alternative splicing variants: a putative secreted form (sTreh) with a signal peptide at the N terminus and a cytoplasmic form (cTreh) without a signal peptide. sTreh was expressed mainly in the gut and also in several other tissues, whereas cTreh was expressed mainly in the Malpighian tubules and in proliferating tissues, such as the central nervous system and imaginal discs. The bidirectional trehalose transporter Tret1-1 was expressed mainly in the fat body, as previously reported (19) . A related gene, Tret1-2, was expressed in several tissues, including the central nervous system, imaginal discs, and Malpighian tubules. These results indicate that the sites of trehalose synthesis and catabolism are different.
Tps1 Is Required for the de Novo Synthesis of Trehalose-It has been reported that a P-element insertion into the Tps1 locus (originally named P838) leads to lethality at an early larval stage (20) . The identical P-element allele obtained from the Bloomington Drosophila stock center (renamed k08903) indeed displayed this early larval lethality ( Fig. 2A ). However, we found that a transheterozygote of the P-element with a deficiency allele lacking the Tps1 locus survived the larval period and died at the late pupal stage. Therefore, we backcrossed the P-element line with control flies several times. Homozygous mutants of the backcrossed Tps1 k08903 (hereafter named Tps1 lacW ) displayed lethality in the pharate adult ( Fig. 2B) , suggesting that second-site mutation(s) in the original P-element line are responsible for the observed lethality at the early larval stage.
To confirm the mutant phenotype of Tps1, we generated Tps1 deletion mutants by imprecise excision of Tps1 lacW . We obtained precise excision lines that were fully viable and two deletion lines, Tps1 d1 and Tps1 d2 ( Fig. 2A) . Tps1 d1 lacks the N-terminal half of the TPS domain. Tps1 d2 lacks the entire TPS domain and an N-terminal part of the TPP domain. Two independent deletion mutants showed complete lethality at the pharate adult stage. We observed similar results in a transheterozygote of the deletion mutants with the deficiency allele, suggesting that both the backcrossed P-element allele and deletion mutants are genetically null. Furthermore, maternal and zygotic mutants of Tps1 lacW and Tps1 d2 survived into the pupal period and exhibited identical lethality, as did the zygotic mutants. These results indicate that Tps1 is not required for embryonic development. To further characterize the Tps1 mutants, we next analyzed trehalose levels. Tps1 mutant larvae exhibited almost undetectable levels of trehalose at the late third-instar larval stage (Fig. 2C) . Consistently, trehalose levels in the hemolymph of the Tps1 mutants were nearly undetect-able ( Fig. 2D) , indicating that Tps1 is required for trehalose synthesis.
We also examined the mutant phenotype of an available Minos transposon in the Tps1 locus (MI03087; hereafter named Tps1 MIC ). The transposon is inserted in the 5Ј-untranslated region just before the first methionine of Tps1 ( Fig. 2A ). Homozygous Tps1 MIC mutant larvae showed partially reduced expression of Tps1 (Fig. 2E) . Consistent with the expression levels, the Tps1 MIC mutants exhibited partially reduced trehalose levels compared with the Tps1 lacW mutants (Fig. 2D ), and adult escapers were observed (Fig. 2F) , indicating that Tps1 MIC is a hypomorphic allele. Although the reason remains unknown, male flies showed severe lethality during pupal period compared with female flies in the Tps1 hypomorphic mutants.
Tps1 Functions Exclusively in the Fat Body and Is Required for Adult Eclosion-To examine the role of Tps1 in the fat body, we next conducted tissue-specific knockdown analyses. Consistent with the fat body-restricted expression of Tps1 (Fig. 1C) , knockdown of Tps1 by CG-Gal4, a fat body Gal4 driver, significantly reduced Tps1 expression and trehalose levels (Fig. 3, A  and B) . The knockdown flies underwent puparium formation but failed to eclose at the late pupal stage (Fig. 3C ). Other tissuespecific Gal4 drivers, such as Mef2-Gal4 (muscle), Repo-Gal4 (glia), Elav-Gal4 (neurons), and Myo1-Gal4 (midgut enterocyte), which do not drive expression in the fat body, had no obvious phenotypic effects and produced viable adults. These results indicate that Tps1 functions to synthesize trehalose predominantly in the fat body. Because the loss of trehalose causes lethality in the late pupa, we assessed the consequence of the overproduction of trehalose. The ubiquitous overexpression of Tps1 by Tub-Gal4 caused early larval or embryonic lethality, as reported previously (20) . However, the overexpression of Tps1 in the fat body did not result in larval lethality. As expected, trehalose levels were significantly increased, although glycogen and glucose levels were unchanged (Fig. 3B) . Nevertheless, the overexpression of Tps1 caused lethality soon after or during eclosion (Fig. 3C) . These results suggest that the precise regulation of trehalose metabolism, rather than its amount, is important for adult eclosion and viability.
Impact of Lack of Trehalose on Larval Development under Normal Food
Conditions-To dissect the physiological role of trehalose during development, we focused on the larval period because nutritional conditions can be controlled. We first analyzed the mutant phenotype in detail under normal food conditions. The Tps1 mutant larvae grew almost normally and underwent puparium formation, similar to the control larvae. The body weight of the Tps1 mutant larvae was ϳ9 -12% lower than that of controls ( Fig. 4A) . Consistent with this, the Tps1 mutant pupae were ϳ5-8% smaller. We also detected a delay in the timing of puparium formation of ϳ10 -12 h (Fig. 4B) . These results suggest that Tps1 mutants exhibit minor but detectable defects in larval growth under normal food conditions.
We measured the amounts of glycogen and TAG to understand the metabolic consequences of defective trehalose synthesis in flies; however, the levels were not significantly altered in the Tps1 mutants (Fig. 4C ). The expression of ACC and Fas, the rate-limiting enzymes for fatty acid synthesis, was not changed in the Tps1 mutants (Fig. 5A ). Conversely, there was significantly less glucose in both the Tps1 mutants and Tps1 knockdown larvae (Figs. 3B and 4C). Circulating glucose in the hemolymph was also decreased in the Tps1 mutants (Fig. 4D) . A possible explanation of this observation is that larvae lacking trehalose have impaired feeding behavior. However, we found that Tps1 mutant larvae showed a normal ingestion rate com-pared with control larvae (Fig. 4E) . These results suggest that Tps1 mutants directly utilize dietary sugar rather than converting it into glycogen or TAG for nutrient storage.
Secreted Dilps and Akh control hemolymph sugar levels (8 -13) . However, it remains unknown how altered sugar metabolism inversely affects Dilp/Akh signaling. To test whether Tps1 mutants exhibit altered expression of dilp genes and insulin/insulin-like growth factor signaling (IIS), we conducted gene expression analysis in Tps1 mutants (Fig. 5A ). The most prominent dilp genes (dilp2, dilp3, and dilp5) are expressed in brain neurosecretory cells known as insulin-producing cells (10, 21) . We observed that dilp3 was significantly down-regulated in Tps1 mutants, suggesting that dilp3 expression is regulated by sugar levels. However, the expression of dilp2 and dilp5 was not changed in the Tps1 mutants. IIS negatively regulates the function of the transcription factor Foxo through the activation of the PI3K signaling pathway (8, 9) . The expression of the Foxo target genes dilp6, InR, and Thor/4EBP was not changed, suggesting that the activity of IIS is not altered in a global manner in flies without trehalose. To further confirm these results, we analyzed the nuclear localization of Foxo. Foxo translocates from the cytoplasm into the nucleus when larvae have decreased InR-dependent PI3K activity (8, 9) . As expected, nuclear localization of Foxo in the fat body was not affected in the Tps1 mutants (Fig. 5B ). Nevertheless, we cannot rule out the possibility that IIS is altered by the loss of trehalose in a tissue-restricted manner.
In contrast, the expression of AkhR, but not of Akh, was slightly up-regulated (Fig. 5A) . Although the regulatory mechanism of AkhR expression remains unknown, these results suggest that Akh signaling is affected in the absence of trehalose. Furthermore, we found that the expression of sTreh, but not of cTreh, was significantly down-regulated in Tps1 mutants, whereas the expression of Tret1-1 was up-regulated. These results suggest that the expression of sTreh and Tret1-1 responds to trehalose levels. The level of glucose is sensed by the conserved ChREBP (carbohydrate response element-binding protein) Mondo/Mio and its binding partner BigMax/Mlx 22) . Tps1 mutants showed down-regulation of mondo, suggesting that the lower level of glucose in Tps1 mutants affects the function of glucose-sensing transcription factors. Taken together, these results demonstrate that the loss of Tps1 and trehalose causes certain defects and alters gene expression patterns, even though larvae without trehalose develop into pupae.
Tps1 Mutant Larvae Are Sensitive to Starvation-Our results revealed that trehalose is not crucial during the larval period under normal food conditions. We wondered whether nutrient-rich food masks potential defects in Tps1 mutants. To understand the role of trehalose under conditions of dietary stress, we analyzed starvation tolerance in Tps1 mutants. The control larvae survived for at least 3 days on a water-only diet, whereas almost all Tps1 mutant larvae died 1 day after starvation (Fig. 6A ). The expression of both sTreh and cTreh was up-regulated, and the amount of trehalose coincidently decreased after starvation in the control larvae ( Figs. 5A and  6B) . These results further support the critical role of trehalose as an energy source under starvation conditions. We next analyzed the cause of lethality in Tps1 mutants after starvation. First, the lethality in Tps1 mutant larvae after starvation was completely suppressed by the addition of sucrose to the diet (Fig. 6C) , indicating that Tps1 mutants are sensitive to the loss of sugar in their food. Second, global ATP levels in the Tps1 mutants were not apparently down-regulated 12 and 18 h after starvation, before death (Fig. 6D ). Third, a detectable amount of glycogen and large amounts of TAG were still observed in the Tps1 mutants, as in the control larvae, 16 h after starvation (Fig. 6B) . These results imply that the cause of death is a rapid rather than a gradual phenotype. Defects in lipid mobilization, autophagy, or altered insulin signaling result in starvation sensitivity (23) (24) (25) . The accumulation of lipid droplets in oenocytes serves as a sensitive indicator of lipid mobilization in fat cells (26) . The Tps1 mutants accumulated lipid droplets in oenocytes that were detected by Oil Red O staining only under fasting conditions, similar to the control larvae (Fig.  6E) . These results indicate that lipid mobilization from the fat body was not affected in the Tps1 mutants. Furthermore, the formation of autophagic vesicles was induced in the Tps1 mutant fat body 4 h after starvation (Fig. 6F ), suggesting that defects in autophagy are unlikely to be the cause of lethality in the Tps1 mutants. The Foxo target genes dilp6, InR, and 4EBP were up-regulated after starvation in the Tps1 mutants, whereas the expression of dilp5 was down-regulated, as in the control larvae ( Fig. 5A ), suggesting that IIS is not compromised in Tps1 mutants after starvation. Consistently, Foxo translocated into the nucleus after starvation in the Tps1 mutants (Fig.  5B) . Taken together, these results suggest that Tps1 mutants suffer from energy production in a local manner rather than a systemic manner and that energy must be supplied from trehalose, but not from TAG.
Because both trehalose and glycogen are common energy sources of glucose, we assumed that glycogen might be utilized heavily in a local manner instead of trehalose in Tps1 mutants after starvation. We compared the tissue distribution of glycogen by histological periodic acid-Schiff staining, which primarily detects glycogen in tissues (27, 28) . We found that the amount of glycogen significantly decreased in the central nervous system in Tps1 mutants only after starvation (Fig. 6G ).
Other tissues (such as the body wall muscles and fat body) in Tps1 mutants were indistinguishable from those in control flies. Furthermore, Tps1 mutants showed a significant reduction in the number of mitotic cells and induction of apoptotic cells in the central nervous system after starvation (Fig. 6H) . These results suggest that the central nervous system is an important tissue in which sugar is critical to produce energy for survival and that problems in the brain are likely the primary cause that leads to death after starvation.
Systemic Growth of Tps1 Mutant Larvae Depends on Dietary Conditions-To further clarify the role of trehalose during development, we tested whether chronic shortage of nutrients affects the growth of Tps1 mutant larvae by limiting the sugar (glucose and corn flour) and yeast (major protein source) levels in food (Table 1 ). We found that the Tps1 mutant larvae failed 
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to grow and pupariate under conditions of low dietary sugar, although the heterozygous Tps1 mutants survived into adulthood without any lethality (Fig. 7A ). We confirmed these results by using food comprising only yeast and glucose because corn flour contains vitamins and minerals (Fig. 7B ). Further analyses revealed lethality in the Tps1 mutants at the late second-instar and early third-instar larval stages with the yeastonly diet. In contrast, a high-sugar diet did not cause larval lethality in the Tps1 mutants (Fig. 7, A and B) . These results indicate that the survival and systemic growth of Tps1 mutant larvae depend on dietary sugar. Although animals synthesize glucose from amino acids by gluconeogenesis, a 2-fold increase in dietary yeast did not rescue the low-sugar diet-induced lethality in the Tps1 mutants ( Fig. 7B ), suggesting that the shortage of glucogenic amino acids is unlikely to be the cause of the observed lethality. Because normal food containing glucose FIGURE 6. Tps1 mutants exhibit severe defects in survival under fasting conditions. A, Tps1 mutants exhibit lethality under fasting conditions. Early third-instar larvae were transferred to a vial containing 0.8% agar in PBS, and the number of surviving larvae were counted at the indicated time points. B, the amounts of TAG, trehalose, and glycogen were analyzed in early third-instar larvae at the indicated time points. C, lethality in Tps1 mutant larvae after starvation is rescued by the addition of sucrose. D, Tps1 mutants do not show altered ATP levels before death under fasting conditions. All values are means Ϯ S.D. (n Ͼ 6 (A, B, and D) or n ϭ 4 (C)). Statistical significance is determined by two-tailed Student's t test (p Ͻ 0.05). n.s., not significant. E, Tps1 mutants show lipid mobilization after starvation similar to control larvae, as determined by the accumulation of lipid droplets in oenocytes. F, Tps1 mutants show autophagy in the fat body after starvation similar to control larvae, as determined by LysoTracker staining. G, Tps1 mutants show significant reduction of glycogen in the central nervous system after starvation, as determined by periodic acid-Schiff staining. H, Tps1 mutants reduce the number of mitotic cells and induce apoptotic cells after starvation. Scale bars ϭ 50 m.
is sufficient to promote larval development in Tps1 mutants, enhanced gluconeogenesis and/or byproducts of amino acid catabolism appear to impair metabolic homeostasis in these mutants. Alternatively, it is possible that gluconeogenesis is not sufficient to sustain body growth in the absence of dietary sugar in larvae that are defective in trehalose synthesis.
When their food contained low levels of protein but a normal level of glucose, the Tps1 mutants displayed some lethality during the larval period, but many larvae survived to the pupal stage (Fig. 7, A and B) . However, the Tps1 mutant pupae were much smaller than the control pupae (Fig. 7C ). In addition, the timing of puparium formation was delayed in the Tps1 mutants (Fig. 7D) . These results suggest that the growth of Tps1 mutants is sensitive to a reduction in protein levels in their food. Amino acids and dietary sugars are known to trigger the production of Dilps by insulin-producing cells through fat body-derived remote signals (29, 30) . Because both size reductions and developmental delays are hallmarks of reduced IIS activity (8, 9) , we analyzed the expression levels of dilp genes. The expression of dilp3 and dilp5, but not dilp2, was down-regulated in Tps1 mutants compared with heterozygous larvae in the same vials (Fig. 7E) . Furthermore, the expression of the Foxo target genes dilp6, InR, and 4EBP was slightly up-regulated in Tps1 mutants, suggesting that IIS tends to decrease in Tps1 mutants under low-protein dietary conditions. Although the exact cause of the decrease in IIS and the degree to which decreased IIS is responsible for the Tps1 mutant phenotype remain unclear, it is reasonable to consider that the Tps1 mutants exhibit growth defects due to an imbalance between energy production and systemic growth with limited dietary protein. Taken together, these results indicate that trehalose metabolism is critical for survival and systemic growth in a manner that depends strongly on dietary conditions.
DISCUSSION
In the animal kingdom, trehalose was first reported in insect hemolymph over a half-century ago (5) . Trehalose is thought to be an important source for production of ATP energy in flight muscles and for synthesis of glycogen that is stored in embryos (2) . However, the exact role of trehalose has remained unclear because of the lack of model insects without trehalose. We reported here that trehalose is dispensable for the normal development of embryos and larvae if dietary sugar is available. Trehalose is most critical for survival under fasting conditions FIGURE 7 . Chronic shortage of dietary nutrition affects survival and growth in Tps1 mutants. A and B, Tps1 mutants are sensitive to low-glucose dietary conditions. Percentages of homozygous mutant pupae were determined by the ratio to heterozygous mutants in each vial (A). A defined number of newly hatched first-instar larvae were seeded on each vial, and the number of pupae was counted (B). The percentage difference between the heterozygous mutants and homozygous mutants is shown on the right. Details of the food compositions are listed in Table 1 and is also important for body growth if dietary protein is limited. Therefore, the production of trehalose can be a crucial feature for adaptation to changes in nutrition.
The amount of trehalose is significantly increased during embryonic development. A recent metabolome analysis supports our results (17) . Because trehalose is synthesized mostly in the fat body, it is likely that trehalose is detectable only after the development of the embryonic fat body. Our mutant analysis indicates that the synthesis of trehalose by Tps1 is not essential for embryonic development. It has been reported that the estrogen-related receptor regulates metabolic changes after larval hatching to utilize primarily the glycolytic pathway for energy production (18, 31) . Because Tps1 mutant larvae are sensitive to starvation and a low-sugar diet, the physiological role of trehalose synthesis during the embryonic stage is likely for adaptation to dietary stress after larval hatching.
The amount of trehalose rapidly decreases after puparium formation. Nevertheless, Tps1 mutants almost complete metamorphosis and show lethality during the late pupal period. Although TAG cannot compensate for the role of trehalose under fasting conditions in survival, TAG and glycogen appear to compensate by producing ATP energy to complete metamorphosis in the absence of trehalose. It remains unknown whether the observed eclosion defects in the Tps1 mutants are caused simply by defects in global energy production. The overexpression of Tps1 causes similar defects in eclosion, suggesting that regulated trehalose metabolism is critical for eclosion. Adult eclosion is triggered by the neuropeptide hormone signaling pathway, including eclosion hormone and bursicon, and these neuropeptides are produced by a subset of neurons in the central nervous system (32, 33) . Taking into account possible "local" defects in Tps1 mutants after starvation, trehalose appears to play an important role as an energy source in certain cells and tissues.
Hemolymph sugar levels, including those of trehalose and glucose, are regulated by Dilps and are therefore an important readout for understanding the systemic response of IIS by Dilps (8 -10) . Similarly, endocrine signaling through Akh and AkhR plays important roles in the accumulation and mobilization of storage fats and carbohydrates (11) (12) (13) . However, it remains largely unknown how altered sugar metabolism inversely affects Dilp/Akh signaling and animal development. Our data demonstrate that flies without trehalose exhibit increased sensitivity to starvation and reduced tolerance to poor dietary nutrition. ChREBP/Mondo-Mlx glucose-sensing transcription factors control target gene expression in glycolysis and lipogenesis (22, 34) . Larvae lacking Mondo or Mlx exhibit reduced survival on a diet containing sugar, representing dietary sugar tolerance (34) . Although Tps1 mutants show altered expression of AkhR and mondo to some extent, abnormalities in fat storage, fat mobilization, and glycogen levels were not observed in these mutants. Further analyses will be required to understand how Tps1 mutants show deficits in survival and systemic growth depending on nutrient availability. It will also be important to clarify the overlapping and/or different roles of trehalose and glycogen as energy sources. It should be noted that we humans lack the gene Tps1 but retain trehalase. Trehalase is highly expressed in the kidney brush-border membranes, although the function and physiological meaning of the expression are still not clear (3) . Nevertheless, a recent report identified that genetic variations in trehalase gene are associated with type 2 diabetes (35) . Thus, we believe that Tps1 mutant flies lacking trehalose can be utilized as a useful tool to unravel a wide range of physiological processes, such as homeostasis, aging, and stress resistance, as well as over/undernutrition-dependent metabolic diseases.
